Cytopathological changes induced by carrot mottle virus in systemically infected cells of Nicotiana clevelandii plants grown at 17 °C and illuminated at 4ooo lux for 8 h/day, were studied in relation to the infectivity of buffer and phenoltreated extracts. Changes were most obvious in palisade cells. About six days after inoculation, tubules appeared in the cytoplasm, associated with the plasmodesmata. Later the tubules, some of which became sheathed by cell wall material forming plasmodesmatal outgrowths, extended towards the vacuole, others towards the nucleus, causing invaginations in it. Endoplasmic reticulum and Golgi bodies increased, especially in areas adjacent to the nuclei, and complexes of cytoplasmic tubules with endoplasmic reticulum were observed. Membrane-bound particles, some with densely-staining central spots, appeared in the vacuole close to the tonoplast and reached their maximum number after 8 to 9 days. Sometimes they were clustered where a plasmodesmatal tubule or outgrowth came close to the tonoplast.
INTRODUCTION
Carrot mottle virus (CMotV; R/I :*[* :S/* :S[Ap), which occurs together with carrot red leaf virus (CRLV; */* :*/* :*/* :S/Ap) in plants with carrot motley dwarf disease (Stubbs, i948, I952; Watson, Serjeant & Lennon, I964) , has several properties unusual among plant viruses. It is transmitted by its aphid vector, Cavariella aegopodii, only from carrot (Daucus carota) plants that also contain CRLV (Watson et al. I964) and, unlike many other plant viruses that are persistent in their vectors, is transmissible by inoculation of sap. Its infectivity in leaf extracts is sensitive to ether, chloroform and sodium deoxycholate, and is associated with particles that have a low buoyant density in CsC1 equilibrium gradients (Murant et al. I969; A. F. Murant & R.A. Goold, unpublished observations) . These observations suggest that the particles contain lipid.
Particles about 52 nm in diam. occur in partially purified virus preparations and also in the vacuoles of leaf cells of infected Nicotiana clevelandii (Murant et al. I969) . They are usually associated with the tonoplast, from which they are apparently released by' budding', and they have a bounding 'unit' membrane about the same thickness as the tonoplast. They are probably the infective particles of the virus; if so, CMotV differs in particle morphology from other described plant viruses.
This paper describes the changes that take place in CMotV-infected Nicotiana clevelandii leaf cells in relation to changes in the infectivity of leaf extracts.
METHODS

Virus isolates.
A culture of the CMotV-CRLV complex which was the source of the CMotV isolate used in our previous studies (Murant et al. I969) was maintained in carrot plants in the glasshouse from I962 by successive aphid transfers. A new CMotV isolate was transmitted from the same culture by manual inoculation to Nicotiana clevelandii (immune to CLRV) and subsequently maintained in this species. It was used for most of the present work, but confirmatory observations were made using two additional isolates obtained in I972 from field-infected carrot plants in England and Scotland respectively. The three isolates produced identical effects in cells, although they differed slightly in virulence and in the rapidity with which they induced ultrastructural changes.
Growth and inoculation of plants. Nicotiana clevelandii test plants were raised before inoculation in an insect-free glasshouse at about 15 to 25 °C, with shading in summer and supplementary illumination in winter. They were inoculated using 'Super-floss' Celite (Johns-Manville Ltd.) as an abrasive. After inoculation they were placed in a controlled environment chamber (Fisons Ltd., Model I4O G2) at 17 °C and illuminated at 4000 lux for 8 h/day. In experiments to study how the c.p.e, and the amount of extractable infectivity varied with time after inoculation, a single uninoculated young leaf about IO to 20 mm long was marked on each plant four days after inoculation. On each sampling occasion, six of the marked leaves were collected and from the basal half of each, excluding the midrib, a piece about I x 5 mm was removed for embedding and ultramicrotomy. The remainder of the leaf was then used for infectivity assay. When two kinds of extract were compared, they were made from batches of opposite half-leaves, the midribs being discarded. Assays were made by applying inoculum with a muslin swab to the primary leaves of bean (Phaseolus vulgaris) cv. The Prince, previously dusted with Corundum (Bausch & Lomb, Rochester, N.Y., U.S.A.). Bean plants were grown before and after inoculation in a controlled environment chamber at 20 °C with illumination of 25oo lux for 8 h/day. Infected plants developed minute (o'5 to I ram) brown local lesions 2 to 3 days after inoculation.
Leaf extracts. Various kinds of buffer extract (2 ml buffer/i g leaf tissue; considered equivalent to a tenfold dilution of crude sap) were made at 4 °C by grinding the tissue in a mortar; after expressing the juice through muslin, it was diluted appropriately with the same buffer and then centrifuged at 8oo0 g for 5 min. The supernatant fluid was inoculated as soon as possible after extraction. RNA was extracted from leaves using a phenol/m-cresol mixture following 'method B' of Loening & Ingle (1967) . After two treatments with phenol/m-cresol the RNA was precipitated at -15 °C by adding 2"5 vol. cold ethanol, reprecipitated from o-I5M-sodium acetate, pH 6-o, containing o'5 M-sodium dodecyl sulphate, and stored at -15 °C. When the RNA preparations from all sampling dates were ready, the precipitates were resuspended in 0-06 M-phosphate buffer, pH 7"0 (2 ml buffer/I g leaf originally extracted; considered equivalent to a tenfold dilution of crude sap), diluted appropriately in the same buffer, and inoculated to a single batch of bean plants. Each buffer or phenol extract was inoculated at four dilutions to four bean half-leaves and the dilution required to produce a total of IOO lesions was estimated from regression lines calculated from the data for lesion number and inoculum concentration.
Preparation and examination of sections. For ultramicrotomy, tissue pieces were fixed and embedded by the 'modified' method of Harrison, Stefanac & Roberts (197o) or by the method of Jones, Kinninmonth & Roberts (1973) . Sections were cut with a LKB Ultrotome I ultramicrotome, using glass knives, from each sample embedded and those showing silver/gold interference colours were selected for staining. In addition to staining with uranyl acetate during dehydration, various post-staining procedures were tried (see Results). The method finally adopted was to post-stain the section, first with a saturated solution of uranyl acetate in a mixture of equal parts ethanol and o'5 ~ EDTA (disodium salt), and then with a lead stain made by dissolving I g lead citrate (Analar) in 5 ml 2 N-lithium hydroxide and then adding 2o ml 2 ~o potassium tartrate. The uranyl and lead stains were both centrifuged at low speed before use. The sections were examined in a Siemens Elmiskop IA electron microscope at 8o kV using a 5o/~m objective aperture.
For light microscopy, sections I #m thick were taken from the material embedded for electron microscopy and stained with basic fuchsin and alkalinized methylene blue (Huber, Parker & Odland, 1968) . Cell wall material stained red, and cytoplasmic contents blue.
RESULTS
Attempts to obtain improved staining of virus-like particles
The virus-like particles that we reported previously in thin sections of CMotV-infected Nicotiana clevelandii leaves (Murant et al. 1969 ) resemble in some respects those of some of the small enveloped viruses of vertebrates, many of which also have arthropod vectors (mosquitoes and ticks). However, only a few of the CMotV particles possessed a denselystaining central spot, whereas the particles of the vertebrate viruses commonly have a densely-staining centre. Various procedures were tried for improving the staining of the CMotV particles. For fixation, OsO~ concentrations between o.I and I .o ~o gave satisfactory results and o.z ~ was adopted as standard. The procedure described by Hills & Plaskitt (1968) , which omits OsO4 from the fixation step, did not improve the staining of the inner parts of the particles and gave poorer preservation of their bounding membranes.
Use of o'5 ~ phosphotungstate for staining during dehydration or as a post-stain gave no improvement over 2 ~o uranyl acetate. Poor results were also obtained by post-staining with z ~ potassium permanganate, or with a saturated solution of uranyl acetate in 5o ethanol followed by lead citrate. The procedure finally adopted was tttat described in Methods, which gave sections in which about one in three of the particles appeared to have densely-staining central spots (Fig. la, b) . As described previously (Murant et al. I969) , the particles were bounded by a' unit' membrane about 7"5 nm thick; there were no obvious ' spikes' or projections. Most particles were found near to or in contact with the tonoplast.
Ultrastructural changes in CMotV-infeeted cells
Although the Nieotiana elevelandii plants were not placed in the controlled environment chambers until after inoculation, their response to infection was very consistent throughout the year. Inoculated leaves sometimes showed a few necrotic lesions but the first easily recognizable symptom was a fine systemic vein-etching in the youngest leaf about 7 to 8 days after the plants were inoculated. This symptom, accompanied by some chlorosis and mild distortion, persisted until about the I4th day, after which the plants showed a partial 'recovery', to give a light and dark green mottle with slight stunting. The c.p.e, described below was most obvious in the palisade ceils. In spongy mesophyll cells the changes were similar but less extensive, and diminished with the distance of the cell from the palisade tissue. Cells in both kinds of tissue differed in the extent of pathological disturbance and some showed no changes. Cells of the upper and lower epidermis appeared normal, as did most kinds of cell in the vascular bundles, but some changes were observed in sieve tubes and companion cells.
About 4 days after the plants were inoculated, the palisade cells in systemically infected leaves began to show thickening of parts of the walls adjoining other palisade ceils (Fig. 2 a) . The walls adjoining spongy mesophyll cells appeared normal. By day 7 the changes in the cell walls were much more obvious, and affected not only the walls of palisade cells but also those parts of the walls of spongy mesophyll cells that were shared with other mesophyll cells. Tubules were visible, associated with the plasmodesmata (Fig. 3a, b ) and often travelling considerable distances through the cytoplasm (Fig. 2 b) . Later they became sheathed by new cell wall material' growing' out from the original cell wall (Fig. 3 a, tubules, with or without outgrowths, were usually about 30 to 40 nm in diam. Often the tubules seemed empty but sometimes they contained densely-staining material. Usually this was amorphous but on a few occasions discrete particles were seen within the tubules. Some plasmodesmata were enlarged, up to 55 nm in diam. and were then invariably filled with densely-staining material (Fig. 2c) . Tubules of 3o to 32 nm diam. were also observed in differentiated sieve tubes (Fig. 3 d) .
The plasmodesmatal outgrowths extended across the cytoplasm and by day nine many had reached the central vacuole (Figs. 3 c, 7a) . It was not possible to tell whether there was penetration of the tonoplast. Often, several plasmodesmatal outgrowths were visible in a small area of cytoplasm (Fig. 5) . Cross-sections of the outgrowths showed that they often contained more than one tubule, usually two or three; the greatest number found was ten. In some cells, especially sieve tube companion cells, tubules, with or without sheathing cell wall material, grew towards the nucleus and were associated with invaginations of the nuclear membrane (Figs. 4a, b, 5 ) but did not appear to penetrate it.
At about day 7, the amount of endoplasmic reticulum (ER) in the cytoplasm greatly increased, and a greater number of Golgi bodies was also observed. Much of this increase occurred in an area of cytoplasm close to the nucleus (Fig. 6a ) and these regions also frequently contained collections of tubules arranged approximately at right angles to the cisternae of the ER (Fig. 6 a, b) . The tubules, seen in cross section in Fig. 6 c, were about 2o to 40 nm in diam. and seemed similar to the plasmodesmatal tubules. However, they may be distinct because they were not associated with the plasmodesmata in any sections examined. Like the plasmodesmatal tubules, they sometimes appeared to be filled with densely-staining material (Fig. 6 c) . These areas of increased ER adjacent to the nucleus were less well defined than the so-called ' inclusion bodies' associated with many other plant viruses, and did not contain other cell organelles.
In general, the chloroplasts and mitochondria appeared normal, as did the nuclei apart from the presence of plasmodesmatal outgrowths (Fig. 5) From about day 6, virus-like particles occurred at the tonoplast, usually singly but occasionally in groups. They reached their maximum number after 8 to 9 days (see below). Sometimes they were clustered where a tubule or plasmodesmatal outgrowth came close to the tonoplast (Fig. 2 b) , suggesting that these areas may be more active in particle formation.
Occasionally, in palisade cells, but not in spongy mesophyll or epidermal cells, the cytopathological changes described above resulted in complete collapse of the cell, or of several adjacent cells, resulting in small necrotic areas. The tonoplast disappeared and the cytoplasmic contents filled the cell. Chloroplasts, mitochondria and nuclei lost their bounding membranes and degenerated. In the disrupted nuclei, the remains of the plasmodesmatal outgrowths could still be seen.
Light microscope observations
With many plant viruses, areas of membranous material close to the nucleus are visible in the light microscope as 'inclusion bodies'. Careful light microscope observations on sections of CMotV-infected Nicotiana clevelandii leaves picked 6 to t 3 days after inoculation failed to detect inclusion bodies in any type of cell. However, the areas of necrotic and disrupted palisade tissue were obvious and, in cells adjacent to these, wall outgrowths and wall thickening were easily seen (Fig. 7 a) .
Electron microscope examination of leaf extracts
Using potassium phosphotungstate (pH 6"5) or uranyl acetate (2 ~o aqueous) negative stains, no virus-like particles were found in leaf dip or leaf squash preparations from Nicotiana clevelandii leaves picked either on day six or day nine. However, tubules about 35 to 4o nm in diam. presumably the same as those seen in sections, were readily found (Fig. 7 b) . All tubules examined appeared to be empty.
Correlation between the number of virus-like particles in leaf sections
and the infectivity of leaf extracts The virus-like particles in the cell vacuoles lie close to the tonoolast, and are readily counted. The mean number of particles per cell section in systemically infected leaves at various times after inoculation of the plants was compared with the infectivity of phosphate buffer (pH 7"0) and phenol extracts.
Compared with many other plant viruses, the particles were few; the largest number found in any cell section was 80. Particles were rare in the upper and lower epidermis but were readily found in palisade and spongy mesophyll cells. Over all samples in all experiments, palisade cell sections contained about twice as many particles as did sections of spongy mesophyll cells. There were about twice as many spongy mesophyll cells as palisade cells; therefore, to obtain a figure for particle number per cell section that was roughly representative of the whole leaf, we used the formula ½(P + 2S), where P and S are the mean number of particles per cell section for palisade and spongy mesophyll cells respectively.
Few particles were detected in systemically infected leaves until about 6 days after the plants were inoculated. In three experiments the mean number of particles per cell section reached a maximum on days 8 or 9, and then declined (Table 0 . The maximum was reached at about the same time in both types of cell. The infectivity of p H 7"0 phosphate buffer extracts followed the particle counts fairly closely and also was greatest after 8 to 9 days. Extracts made using phenol, however, showed a very different trend. Their infectivity quickly rose to a maximum after 6 to 7 days (c. I day before the development of leaf symptoms) and then declined. This decline was very rapid in Experiments z and 4, less so in Experiment 3. In Experiments 3 and 4, the maximum infectivity in phenol-treated extracts occurred at times when little or no infectivity was detected in the buffer extracts; indeed, it was up to fifty times greater than that found at any time in the buffer extracts. Thus, about z days before the p H 7"0 phosphate buffer extracts reached their maximum infectivity, and at a time when few or no particles were visible in sections, the cells contained much (presumably RNase-sensitive) infectivity that was extractable with phenol. Leaf RNase activity is largely inhibited at p H 8 to 9 (Frisch-Niggemeyer & Reddi, I957; Reddi & Mauser, I965) and indeed the infectivity of CMotV R N A was unaffected by incubation for I h at 20 °C with extracts of healthy Nicotiana clevelandii leaves in 0.06 M-tris buffer, p H 8.8. In contrast, infectivity was rapidly destroyed when the R N A was added to extracts made in 0.o6 M-phosphate buffer, p H 7"o. Table 2 shows that the infectivity of tris or borate (pH 8.8) buffer extracts of leaves, relative to that of p H 7"0 phosphate buffer extracts, was greater at earlier stages of infection (5 to 7 days after inoculation) but not at later stages (8 to IO days). These results are similar to those obtained with phenol-treated extracts, although the pH 8.8 buffer extracts did not contain such large amounts of infectivity as were found with phenol. To see whether the nature of the infectivity changed with the age of infection, extracts made in pH 8.8 tris buffer on the 6th and 9th days after inoculation were divided into two samples; one was adjusted to pH 7"o and held at room temperature for 3o to 6o min before re-adjustment to pH 8.8, the other was held throughout at pH 8.8 as a control. Table 3 shows that in five experiments the six-day samples lost most of their infectivity when adjusted to pH 7"o whereas the infectivity in the nine-day sample was unaffected or even increased. The most probable interpretation of these results is that the labile infectivity present on day six is sensitive to RNase whereas most of the infectivity present on day nine is RNaseresistant.
Experiments on the nature of the labile form of infectivity are still incomplete but it is presumably not free RNA because when pH 8.8 tris extracts made on day 6 are centrifuged for 6o min at moooog in tubes containing a 'pad' of 5o ~ sucrose, all the infectivity is found at the buffer/sucrose interface. In this respect the labile form of infectivity behaves like the stable form extracted on day nine.
DISCUSSION
The data relating the ultrastructural changes observed in CMotV-infected Nicotiana clevelandii leaf cells to the infectivity of leaf extracts are necessarily imprecise, because the infection of cells in the tissue studied is not synchronous and because there are large errors involved in sampling, and in the infectivity assays. Nevertheless, several broad conclusions can be drawn. The particles seen in the cell vacuoles are few but their maximum number coincides with the maximum infectivity of pH 7"o phosphate buffer extracts, about nine days after inoculation of the plants. This adds to the evidence presented previously (Murant et aL I969) that they may be the infective particles of the virus. However, a cautious interpretation is advisable because particles of similar appearance to those of CMotY occur in cells infected with Sindbis virus, but are not the infective particles; they are thought to represent some earlier step in virus synthesis (Grimley et al. 1972) . Watson et al. (1964) , working with CMotV-infected N. clevelandii and carrot plants, found that leaf extracts made in pH 9 borate buffer containing a trace of zinc were seven to nine times more infective than extracts made in pH 7"3 phosphate buffer and suggested that the infectivity was in the form of nucleic acid. In our first attempts to repeat this work, we obtained inconsistent results and when increases were obtained they were not more than twofold (Murant et al. I969) . Moreover, the infectivity in pH 7"0 phosphate buffer extracts sedimented like virus and we concluded that it was not in the form of free nucleic acid. The data presented here help to explain these discrepancies; they show that both labile and stable forms of infectivity are present in leaves, their ratio depending on the stage in the infection cycle when the extracts are made. The labile form of infectivity occurs in relatively large amounts at an early stage of infection. The most likely cause of its lability is that it is sensitive to RNase. It is probably not free RNA but may be RNA that is 'bound' to some cell component and/or is incorporated into a virus 'precursor' (nucleocapsid) particle in which it is not protected from RNase attack. It appears suddenly, reaching a peak concentration about 6 to 7 days after the inoculation of the plants, and then declines while the amount of the stable (presumably RNase-resistant) form of infectivity increases. A plausible interpretation of these observations is that the RNase-resistance is conferred when a I9-2 'nucleocapsid' particle in the cytoplasm is budded from the tonoplast into the vacuole and receives a protective envelope. However, no particles that might be regarded as nucleocapsids were recognized in the cytoplasm.
Despite the unusual properties of CMotV, several of the ultrastructural changes we have observed in infected cells are similar to those induced by other isometric viruses. Electron microscope studies show that with several viruses, the inclusion bodies visible by light microscopy are composed of masses of membranous material, ER and, sometimes, ribosomes, situated close to the nucleus (Roberts & Harrison, 1970; Van der Scheer & Groenewegen, 1971; Kim & Fulton, I972; Jones et al. 1973) . With CMotV, although no inclusion bodies are visible by light microscopy, electron microscopy reveals an area of increased ER development associated with tubules, usually close to the nucleus. This area, although poorly defined, might be considered analogous to the inclusion bodies of other viruses. The ordered arrangement of tubules more or less at right angles to the cisternae of the ER has not, to our knowledge, been reported previously, although Hooper & Wiese (1972) described a somewhat similar association of membranes with ' electron dense rods 18 nm in diam.' in cells infected with wheat spindle streak mosaic virus.
Membranous tubules in the cytoplasm, with or without virus particles inside them, are a common feature of cells infected with some kinds of isometric viruses. Often the tubules are associated with plasmodesmata, and sheathing of the tubules with cell wall material has been reported with several viruses: maize rough dwarf (Gerola & Bassi, 1966) , cowpea mosaic (Van der Scheer & Groenewegen, I97I), bean pod mottle (Kim & Fulton, 1970 , dahlia mosaic (Kitajima & Lauritis, I969) , cauliflower mosaic (Conti et aI. I972) and cherry leaf roll (Jones et al. I973) . The tubules in CMotV-infected cells differ from other kinds of plant microtubules in being larger in diam. (30 to 4o nm, compared with 18 to 3o nm) and in being associated with plasmodesmata and sometimes sheathed with cell wall material. They also appear to be relatively more stable, because unlike microtubules they are seen as readily after double fixation at 4 °C as at 2o °C and they are found in leaf dip preparations from infected leaves. However, association of plant microtubules with nuclear invaginations was observed in actively dividing plant cells by Burgess (I969) , and by Roberts & Northcote (197 I) who suggested th at the increase in surface to volume ratio caused by the invaginations may permit increased synthesis of DNA. It is not clear whether components of CMotV are synthesized in the nucleus or whether the tubules observed in the nuclear invaginations play any role in synthesis or transport of virus products. However, there may be some functional significance in the association of tubules and cell wall outgrowths with the tonoplast because such areas of tonoplast seemed especially active in particle formation. Roberts & Harrison (I97O) suggested that the tubules in cells infected with strawberry latent ringspot virus may be sites where virus nucleic acid is synthesized or assembled into virus particles. Our results lend some support to this idea because the tubules appeared in leaves systemically infected with CMotV as early as the 6th day after inoculation of the plants when the leaf extracts contained much labile infectivity but little infectivity stable in pH 7 buffer. The cell wall projections developed later and may be a secondary pathological response of the cell to the presence of the tubules and of no intrinsic importance in virus synthesis. The tubules commonly contained densely-staining material and, rarely, this seemed to resolve into discrete particles. The nature of these particles is obscure but it is tempting, by analogy with other viruses, to speculate that the densely-staining material in the tubules is a RNA-containing virus product of some sort, possibly nucleocapsids.
The nature of the nucleocapsid of CMotV remains unclear. Although we cannot exclude the possibility that it is helical, small densely-staining spots were visible in some of the particles observed in the cell vacuoles, suggesting that it may be spherical, possibly with a small RNA content. However, about two-thirds of the particles were without denselystaining centres and although this may be due to technical difficulties with staining or fixation it is possible that CMotV, like many other small isometric plant viruses, produces a proportion of particles that lack RNA.
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